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Technological developments provide new insights into prokaryotic evolution and diversity and
provoke a continuous need to update taxonomy and revise classification schemes. Our present species
concept and definition are being challenged by the growing amount of whole genomic information,
which should allow improvements in the natural species definition. The continuous quest for an
objective and stable method for sorting strains into coherent homogeneous groups is inherent to
prokaryotic systematics and nomenclature. Morphological, biochemical, physiological, phenotypic
and chemotaxonomic criteria have been complemented by molecular data and pragmatic, purpose
built, species definitions are being replaced by more natural ones based on evolutionary insights. It is
imperative to give due consideration to both fundamental and applied aspects of future species
concepts and definitions. The present paper discusses the present practice in prokaryotic taxonomy
of how this system developed and how it may evolve in the future.
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1. INTRODUCTION
Taxonomy is an essential discipline in biology, as it

provides a reference system for all biological know-

ledge. For prokaryotes, it essentially comprises: (i)

classification, i.e. the organization of large numbers of

individual strains into an orderly framework based

upon the similarities of their biochemical, physiologi-

cal, genetic and morphological characteristics, (ii)

creation of a satisfactory phylogenetic and evolutionary

framework, (iii) nomenclature, i.e. the labelling of

individual groups in the framework with a binomial

name according to strict rules and (iv) identification,

i.e. determination of discriminating properties for rapid

recognition of new isolates. Ever since the pioneering

days of microbiology, scientists have been on a quest for

a satisfactory classification system for prokaryotes. The

system sought after is based on objective methods that

allow discrimination of species on the basis of natural

relationships and to reconstruct a hierarchical

evolutionary scheme.

Even to date, there is no official classification system

for prokaryotes that fulfils these requirements and is

followed by all microbiologists. This has led to the

remark of Brenner et al. (2001) that the closest to an

official classification is the one that is widely accepted

by the community. The main reason for this lack is that

any effort to produce a robust species definition is

hindered by the lack of a solid theoretical basis
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explaining the effect of biological processes on cohesion
within and divergence between prokaryotic species
(Cohan 2002, 2006). The Linnean binomial nomen-
clature followed in prokaryotic classification suggests
analogy between prokaryotic and eukaryotic species
which are completely different biological systems.
Moreover, it is being questioned whether a hierarchical
evolutionary scheme can even be constructed, as this
ignores genomic variability as a consequence of
horizontal gene transfer (Arber 2000). Classification
schemes based on only vertical inheritance can have
little claim of being natural. Therefore, it has been
suggested that the phylogeny of microbial species might
be better described as a network rather than by the use
of hierarchical trees (Kunin et al. 2005).
2. HISTORICAL FOUNDATIONS
Throughout the history of prokaryotic systematics, a
number of technological developments were intro-
duced to address the theoretical void and develop a
more natural species definition. Old prokaryotic
classification schemes relied heavily upon morpho-
logical criteria at first and physiological characteristics
thereafter. Subsequent and contemporary schemes
have introduced evolutionary information extracted
from DNA, RNA and protein sequences by using
methods that measure genetic relatedness, including
DNA–DNA hybridization (DDH), DNA–rRNA
hybridization, rRNA oligo-cataloguing, rRNA gene
sequencing and protein sequencing (Brenner et al.
2001). Today, DDH and sequencing are the corner-
stones of prokaryotic taxonomy (Stackebrandt et al.
This journal is q 2006 The Royal Society
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Figure 1. The present polyphasic practice consists of
screening the isolates using different techniques to cluster-
relate isolates. On the basis of the consensus clustering, a set
of representative strains is subjected to 16S rRNA gene
sequencing to determine the phylogenetic position. The
second level thus represents a gain in information for a
reduced set of strains. If necessary, DNA–DNA hybridization
(DDH) is performed on a selection of strains.
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2002). This is based on the recommendations of
ad hoc committees of experts (Wayne et al. 1987;
Stackebrandt et al. 2002). In 1987, it was agreed that
the complete DNA sequence should be the reference
standard to determine phylogeny and that phylogeny
should determine taxonomy. The committee also
concluded that the best applicable procedure which
approximated this agreement was genomic DDH. In
2002, the committee acknowledged the value of this
method and recommended that it should remain the
standard for species delineation owing to the lack of a
better alternative; but at the same time, investigators
were encouraged to develop new methods and
demonstrate their congruence with DDH. It should
be emphasized that DDH was recommended as a
reference standard and not a ‘gold standard’. It has its
weaknesses (Vandamme et al. 1996), but it cannot be
replaced until another approach has been evaluated as
equivalent or superior.

Major technological shifts in the period between
these two recommendation reports have been the
accuracy and speed in analysing phenotypic properties
and the adaptation of molecular techniques to prokary-
otic systematics. One of these molecular techniques,
i.e. comparative sequence analysis of 16S rRNA genes,
allows determination of the phylogenetic position of
novel isolates and the establishment of a more objective
classification of prokaryotes (Rossello-Mora & Amann
2001). The advent of rapid and cost-effective DNA
sequence analysis and the accumulation of rRNA
sequence data into a comprehensive reference frame-
work (GenBank–EMBL–DDBJ) limit the need for
cumbersome physico-chemical measurements of
genomic similarity. Strains showing less than 97%
16S rRNA sequence similarity to all known taxa are
considered to belong to a new species, as there
are hardly any examples in which strains with this
extent of divergence in 16S rRNA sequence are defined
as one species (Rossello-Mora & Amann 2001).
Nowadays, in line with the recommendations of the
last ad hoc committee (Stackebrandt et al. 2002),
species descriptions routinely include a 16S rRNA
gene sequence, assuring an up-to-date reference frame-
work. It is not wise to base the prokaryotic species
delineation on 16S rRNA gene sequence comparisons
alone (Stackebrandt & Goebel 1994). Indeed, its lack
of resolving power at the species level often hinders the
recognition of groups of strains that are otherwise
genetically well separated from their phylogenetic
neighbours (Fox et al. 1992).
3. PRESENT TAXONOMICAL PRACTICE
A pragmatic polyphasic approach aims to attain a
consensus classification by integrating different kinds of
data and information into a classification of minimal
contradictions (Vandamme et al. 1996). This approach
includes phenotypic data (e.g. biochemical tests),
chemotaxonomic data (e.g. fatty acid composition),
genotypic data (e.g. DNA fingerprints) and phylogen-
etic information (e.g. rRNA gene sequences). As
depicted in figure 1, the typical characterization of a
collection of isolates can be subdivided into three major
levels, with each higher level representing a gain in
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information and a reduction in the number of strains to

be included in further analyses. It starts with a

screening using different techniques that allows the

more closely related isolates to be clustered and to be

distinguished from less closely related isolates. On the

basis of this clustering, a set of representatives of the

different clusters can be selected, and 16S rRNA gene

sequencing can be carried out on these representatives

to determine the phylogenetic position of each cluster.

Based on the results of this analysis, organisms are

selected for DDH experiments if required and species

are defined using the 70% DDH cut-off criterion

(Wayne et al. 1987). The advantage of a polyphasic

approach is twofold: (i) it allows a more meaningful

definition of the borders demarcated by DDH

(especially in the twilight zone between 60 and 80%

DDH), and (ii) if calibrated against DDH using well-

characterized reference strains, then the use of DDH

and rRNA sequencing can be limited when studying a

large dataset.

For describing new species, one needs to show

phenetic and genomic coherence among the members

of the new species and to find a diagnostic phenotype

that discriminates a given species from its closest

relatives. According to the recommendations, a group

of strains that is solely separated on the basis of

genotypic data (genospecies) should not be named if it

cannot be differentiated from other genospecies by a

phenotypic (including chemotaxonomic) property

(Wayne et al. 1987). The requirement for discrimin-

atory phenotypes underlines the importance of pheno-

typic and chemotaxonomic analyses in our present

descriptive taxonomic practice. Unfortunately, it is the

most tedious and time-consuming task in the classi-

fication of micro-organisms. It necessitates bringing a

set of representative members of a given species into
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pure culture and studying them independently.
Complete genome sequences may help us to under-
stand the link between genotype and phenotype,
thereby making phenotypic testing obsolete.

As W. Heisenberg stated, ‘what we observe is not
nature itself, but nature exposed to our methods of
questioning’. This indicates why, along the pathway
of searching for methods for a natural definition of
organismal space, we have obtained new insights that
influence the prokaryotic species definition. The latter
has been improved, towards an operational and
universally applicable system, but remains to some
extent subjective, artificial and pragmatic, and therefore
subject to recurrent controversies (Rossello-Mora &
Amann 2001). It is subjective, because the objective
data are interpreted by the subjective opinion of a
taxonomist. It is artificial, because many named species
delineated on the basis of the present taxonomic system
are not real entities, but useful groupings that are not
necessarilymeaningful from an evolutionary standpoint
(Lan&Reeves 2001). It is, and should be, pragmatic, as
the ultimate function of the definition is to serve as a tool
for the identification of individual isolates and to allow
communication, which is essential when dealing with
bacteria that have a vital role in clinical settings, food
processing, industry, agriculture, bioremediation and
public health. It should be kept in mind that most
biologists today are the end-users of the classification
systems and nomenclature produced by a small group of
taxonomists. The taxonomic reality is well phrased by
Staley and Krieg (1984): ‘a classification that is of little
use to microbiologists, no matter how fine a scheme or
who devised it will soon be ignored or significantly
modified’.
4. REFLECTIONS
The present practice does raise some topics for
reflection.

Although more advanced molecular methods are
used, the cut-offs used for demarcating species have
been calibrated to yield the species groupings previously
determined by phenotypic clustering (Cohan 2002).
The 3% cut-off for 16S rRNAdivergence was calibrated
to yield the species previously determined by DDH,
and the 70% cut-off for DDH was calibrated on the
basis of the phenotypic clusters previously recognized
as separate species, mostly in the Enterobacteriaceae.
Essentially, each new molecular technique is calibrated
to yield the clusters previously determined by pheno-
typic criteria owing to the lack of a theory-based species
concept. Microbiologists need to adopt a more natural
view of the organisms they study and cope with the fact
that a grounding in principles of ecology and evolution
is presently lacking (Ward 1998). Moreover, the large
uncultured majority (Rappe & Giovannoni 2003) pose
an enormous challenge to any approach to describe and
catalogue prokaryotic diversity, driving the future in the
direction of a sequence-based taxonomy.Moving in the
direction of more comprehensive genomic compari-
sons, multilocus sequence analysis (MLSA) was
proposed as a next logical development (Stackebrandt
et al. 2002; Gevers et al. 2005). Large-scale MLSA
studies of different genera could provide a framework
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for in-depth study of the biological, ecological and
genetic differentiation between clusters (Gevers et al.
2005). Such studies could provide the criteria to
determine how we should define species and subdivi-
sions within species. But the requirement that new
species are described without sequencing their
complete genome (or at least a draft version thereof)
seems not at all that far away any more. The
technology to do so is likely to become sufficiently
widespread and accessible within a short time-frame.
How this will influence our vision on the prokaryotic
species is something we should start considering
today (Konstantinidis & Tiedje 2005; Konstantinidis
et al. 2006).

A second reflection is based on the main recommen-
dation of the 1987 ad hoc committee, which states that
the complete genome should be used as the reference
standard for taxonomy (Wayne et al. 1987). During the
last decade, it became apparent that the evolutionary
history of the prokaryotic genome does not simply
reflect the history of the organism (nucleotide changes
or mutational history), but that different genes can
indicate a different phylogenetic history (Coenye et al.
2005). Other processes such as gene loss, gene
duplication, horizontal gene transfer, homologous
recombination and chromosomal rearrangements
shape the prokaryotic genome and are far more
widespread than previously thought. Why rampant
gene transfer has not eradicated ancient groups, and
why we can obtain meaningful phylogenies, is an
ongoing debate that is rooted in the prokaryotic
paradox: higher-ordered taxonomy in prokaryotes
(i.e. above species level) is supported both by rRNA
and whole genome-based phylogenies; yet, DNA is
transferred between and among distantly related taxa,
resulting in individual gene trees that do not always
match the rRNA tree. Therefore, the question of
whether a hierarchical evolution can be reconstructed
is still open (Creevey et al. 2004; Susko et al. 2006). If
we want to understand what a prokaryotic species
represents, and thereby improve our methods for
demarcating species, we need to focus on the
prokaryotic paradox and the fundamental questions:
how do species emerge, become distinct and remain
distinct?. But to escape this circular reasoning, which
presupposes that we know what a prokaryotic species
is, we should rephrase this as: how did the different
prokaryotic systems emerge, separate and come into
being as distinct entities? Genomic data will guide us to
find the answers.
5. TOWARDS LANDSCAPING OF THE
PROKARYOTIC SYSTEMS
There is a growing need to reinvent prokaryotic
taxonomy as a twenty-first century information science
(Godfray 2002). The polyphasic approach has proven
its value in prokaryotic taxonomy, but obviously it is
not satisfactory to many end-users. At the present rate
and with present methods, taxonomists cannot cope
with the huge microbial diversity that remains to be
revealed. First, it will take too much additional time
and effort until most diversity will be described, named
and arranged in a satisfactory classification scheme.
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Figure 2. Landscaping of the prokaryotic systems. Going from microbial data towards landscaping prokaryotic systems requires
improvements in three directions: (i) microbiologists should accumulate more useful data, (ii) mathematicians should develop
objective classification methods and (iii) computer scientists should contribute by constructing information gateways of
integrated microbial data.
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Second, a tedious manual approach of the integration

of dozens of information sources has restricted the

number of strains per taxon included in most

taxonomic studies to numbers not representative of

the diversity within the taxon. This makes the

definition of the taxon boundaries straightforward at

first, but often ineffective when extending the use of

the boundary to larger datasets. Third, a great deal

of the decision-making for deriving a consensus view of

the data is left to the microbiologist’s personal

interpretation. This turns the validation of the existing

species definition against new empirical information

into a slow and long process. Finally, many of the end-

users are inclined to circumvent this time-consuming

descriptive taxonomy and prefer a single-step phylogen-

etic taxonomy. An increasingly common practice is

the unofficial allocation of isolates to new species solely

on the basis of 16S rRNA gene sequencing, with many

examples in recent community genomics studies

(Allen & Banfield 2005). The latter method is rapid,

less laborious and portable. Portability is particularly

useful because it has allowed the implementation of a

centralized database and online placement of new

isolates in a universal context, even when the isolates

cannot be cultured. As a consequence, some species are

described poorly, with no attempt to relate the new

taxon to existing species and classification systems

through an in-depth description, not at all according to

the guidelines.

Addressing the above taxonomic impediments

will revolutionize the field into a global information

system, i.e. an integrated comprehensive information

gateway. Such a system stipulates that the data are

captured by standardized methods in a reproducible

and fast way yielding digitized and portable data of high

resolution. The resulting increase in information will

enable an enlargement of our understanding of natural
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phenomena and our capacities to conceptualize them.

A sequence-based method is the most promising future

for microbial systematics and taxonomy, fulfilling the

above requirements. The method that can replace the

need for combining a set of screening methods and

copes with the vagaries of the single-gene approach of

16S rRNA gene sequencing is the MLSA approach

(Gevers et al. 2005); it is discussed in more detail

elsewhere in this issue (Hanage et al. 2006). This

indeed allows objective clustering of strains within a

genus at the inter- and intraspecific level, which

previously required a combination of DNA fingerprint-

ing, chemotaxonomic and other methods. But going

from objective clusters towards the delineation of

biologically meaningful taxonomical groups requires

more than just the sequences provided by MLSA, or

even whole genome sequences. Efforts should also be

made to collect phenotypic, biological and ecological

data for the isolates and capture the vast amount of

experimental data that are generated in a structured

and uniform way.

The added value of such a global information system

relies on: (i) the extent to which all data are then

integrated, and (ii) the potential of the system to adapt

in a flexible way to the advent of new incoming data.

The intelligent application of well-founded data mining

techniques on this information system will allow the

recognition of recurrent patterns in the process of

diversification, as a means to discover objective

taxonomic consensus models in a more dynamic and

a more automated manner. The different or even

contradictory viewpoints for the prokaryotic species

concepts will inevitably give rise to diverse models and

thus a parallel taxonomy. At least, the old-fashioned

style of repetitive species descriptions is expected to

become obsolete, and can then basically be taken over

by the global information system and large-scale



Towards a new prokaryotic taxonomy D. Gevers and others 1915
computational modelling of prokaryotic systems.
The latter is referred to as ‘landscaping of the
prokaryotic systems’ based on genomic and all other
experimental data (Dawyndt 2004). As a result, the
taxonomist can focus on resolving the more interesting
evolutionary questions and other fundamental biologi-
cal issues. The future taxonomic needs can be best
illustrated by an example from the field of environ-
mental microbiology. The biggest challenge in meta-
genomics from a taxonomic point of view is how to
extract comprehensive taxonomic data from the
samples of complex communities, and perform quali-
tative and quantitative comparative analyses of the
populations between samples from different locations,
under different conditions, etc., and all this within a
relative short time-frame. This requires taxonomy to
become less complex, but more automated.

Presently, extensive taxonomic information on the
prokaryotes is already available at the click of the mouse
(Oren & Stackebrandt 2002), including the Approved
Lists of Bacterial Names (www.bacterio.cict.fr), rRNA
gene, protein and genome sequences (GenBank–
EMBL–DDBJ), microbial reference material in micro-
bial resource centres (www.wfcc.info) and scientific
literature (www.ncbi.nlm.nih.gov/entrez/). But large
quantities of information on micro-organisms are
disseminated over diverse sources, hardly integrated
and sensitive to modifications over time. The integrated
strain database is a recent example of a successful
integration of information on micro-organisms
(Dawyndt et al. 2005). It is a central information
gateway that offers systematic cross-referencing
between resources that supply basic strain information
and other public data sources, such as sequence
databases and scientific literature databases that
provide additional features of the strains. The inte-
gration and synchronization of data coming from
heterogeneous and autonomous information providers
are difficult to achieve and involve many aspects that
need to be tackled. This will demand parallel
developments of increasingly sophisticated compu-
tational, mathematical and statistical routines for data
analysis, modelling and integration (Emmott et al.
2006). The future of prokaryotic taxonomy is thus
situated on the crossroads between microbiology
(including population genetics and microbial ecology),
mathematics and computer science (figure 2). Micro-
biologists should constantly search for additional
empirical classifiers for micro-organisms, which are
more reproducible (particularly at the inter-laboratory
level), have a higher resolution and meet practical
requirements, such as speed, automation and cost of
execution. The scope of the studies should be larger
and include biological, ecological and genetic differen-
tiation between the strains. Computer scientists can
contribute by constructing easily accessible data
repositories that capture the constant flow of infor-
mation generated during microbiological practice, and
establish the necessary cross-reference links that should
enable comprehensive processing of the related pieces
of the taxonomic puzzle. Research in mathematics has
produced a sheer endless assortment of algorithms for
finding and representing groups in datasets and should
continue to design objective classification methods for
Phil. Trans. R. Soc. B (2006)
grouping data in an unsupervised way. The present
progress in taxonomic modelling of prokaryotic
diversity has often restrictively exploited only one or
two of these disciplines at the same time. However,
within the envisaged microbial global information
system, these disciplines should be inextricably tied
together.

To conclude, the taxonomic future is well phrased by
Godfray (2002): ‘Unless taxonomy is unitary, web-
based and able to accommodate these radical new ways
of doing biology, I fear it will be sidelined.’

D.G. and co-authors are indebted to the Fund for Scientific
Research—Flanders (Belgium) for a position as postdoctoral
fellow and research funding, respectively.
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